The formation of sinefungin an antifungal and anti-parasitic nucleoside antibiotic was demonstrated in cell-free extracts from Streptomyces incarnatus. Incorporation studies as well as HPLCanalysis showed that the immediate biosynthetic precursors of the antibiotic are L-arginine and ATP.The biosynthesis was optimal whenthe cell-free extract was prepared from 72 hours mycelium and incubated at least 80 minutes with arginine and ATP. The presence of dithiothreitol, pyridoxal phosphate and Mg2+in the incubation mixture was also necessary. Whena membrane fraction was incubated under the sameconditions with ATPand L-arginine, sinefungin production was not observed. A working hypothesis is put forward to explain the biosynthesis of this antibiotic.
study with the aim to prepare new antibiotics by directed biosynthesis from modified biosynthetic precursors. The first step towards this goal was the definition of the biosynthetic pathway of sinefungin composedof a molecule of ornithine linked to the 5' end of a molecule of adenosine via a carboncarbon bond. A cell-free extract prepared from a high producing variant of S. incarnatus^harvested in the production phase, was used in this study. The cell-free extracts were incubated with the various possible biosynthetic precursors of the antibiotic. Sinefungin was formed whenthe incubation mixture contained labeled arginine and ATP, in the presence of pyridoxal phosphate, dithiothreitol and Mg2+.No antibiotic was formed under the same conditions with ornithine. Based on these results a hypothesis is put forward to explain the biosynthesis of sinefungin.
Materials and Methods

Strain
A highly active variant P-12 obtained by regeneration of protoplasts of Streptomyces incarnatus NRRL8089 was used8). The antibiotic production was estimated by the agar diffusion disc plate method using Saccharomyces pastorianus as the test organism as described before8).
Mycelial Growth S. incamatus P-12 was grown in a mediumwhich consisted of yeast extract 0.4%, malt extract 1 % and glucose 2%. The mycelium was centrifuged after various times of culture in a Sorvall refrigerated centrifuge at 1,000 xg for 10 minutes and washed three times with 0.05 m phosphate buffer, pH 7, containing 0,1 %of^-mercaptoethanol.
Preparation of the Cell-free Extract
The washed mycelium from 100 ml of culture was resuspended in 10 ml of the same buffer as APR. 1987 above and was frozen in dry ice-methanol followed by disruption in a Hinton press at 360 atm. During the disruption 10%glycerol was added to the buffer in order to avoid cell damage due to freezing. Thecompletedisruption of the myceliumwascontrolled under microscope.Thecell-free extract was centrifuged at 100,000 xg for 1 hour to separate the cytosol and the membranefraction. The supernatant was dialyzed overnight against 0.05 m phosphate buffer, pH 7.
Nucleic acid were precipitated by a final concentration of 2.5 % streptomycin and eliminated by centrifugation at 5,000 xg during 10 minutes. The proteins were then fractionated with ammonium sulfate. The active fraction precipitated at 40~70 %saturation (fraction II).
The precipitate was centrifugated at 10,000 xg, 15 minutes and dissolved in a minimal volume of phosphate buffer and dialyzed overnight against the same buffer.
Incorporation studies: The incubation mixture contained in 100 ju\9 0.5 mg of proteins from the fraction mentioned above and in final concentration of 4 mMunlabeled precursors, of 0.1 him pyridoxal phosphate (PLP), of 0.1 mMmagnesium chloride and 2 fid of radioactive precursor. After 80 minutes of incubation at 37°C 2 [A of the mixture was analyzed on silica gel thin-layer plates in two different solvent systems composed of chloroform-methanol-28% NH4OH(1 :3 :1) and ethanol-33% NH40H(5 : 4). Co-chromatography with authentic sinefungin sample was carried out. Autoradiography was performed using X-Omat AR Kodak film.
The radioactive spots were scrapped off and the radioactivity was measured in 5 ml of aqueous counting scintillant (ACS) (Amersham). The incubations were carried out as above but in a volume of 0.4 ml and only unlabeled precursors were used. After incubation an equal volumeof ethanol was added to the reaction mixture to inactivate and to precipitate the proteins. This was then centrifuged at 1,000 xg for 15 minutes. The supernatant was evaporated to dryness under vacuumand re-dissolved in 0.4 ml water. The analysis was performed using a BeckmanHPLCapparatus with two pumps 1144, injector 421 A, and variable wavelength detector 730 LC (Kontron). The analytic column used was ODSNucleosil 5 [xm. The continuous gradient used to separate the compoundswas composedof solvent A; 0.05 mammonium dihydrogen phosphate buffer, pH 6, and solvent B; methanol, with the following elution programme: B: 0% 5 minutes, 0 to 10% 10 minutes, 10% 5 minutes, 10% to 0% 5minutesand0% 5 minutes.
Protein Concentration Protein concentration was determined using crystalline bovine serum albumin as standard by the Lowry procedure9}.
Results
As ornithine can be formed biosynthetically from arginine, and considering the possible similarity of sinefungin and S-adenosylmethionine biosynthesis10), ATP was also included in the incubation mixtures.
The first experiments were carried out using the supernatant of a cell-free extract after centrifugation at 100,000xg.
Sinefungin formation was demonstrated by HPLC analysis. The authentic samples used for the identification of the peaks had the following retention times in minutes: ATP 4.2~4.4, ADP 5.1, AMP10.5, adenosine 23.0~24, sinefungin 5.4. Sinefungin under these conditions was formed only when the incubation mixture contained ATP and arginine (Fig. la) . The presence of sinefungin was confirmed by coinjection of an authentic sample, having 5.4 minutes retention time (Fig. lb) . Sinefungin formation was not observed when ornithine or adenosine was used (Fig. lc~ le).
The cell-free extract was then purified further. As shown in Table 1 the sinefungin synthesizing activity was localized in the protein fraction precipitating between 40 and 70 %of (NH4)2SO4satura-tion. As the boiled extract showed no activity, sinefungin formation seems to be an enzymatic reaction. Boiled extract 0 * Background due to non-specific incorporation was deduced in each case.
The formation of sinefungin was observed only when labeled ATP or adenosine and uniformally labeled arginine were present in the reaction mixture. Guanido-group labeled arginine yielded unlabeled sinefungin (Fig. 2) . Furthermore no sinefungin synthesis occured whenthe enzymesource was a membrane-rich fraction (Results not shown).
The influence of various co factors on the biosynthesis of sinefungin was checked in the presence of different labeled precursors. As shown in Table 2 sinefungin formation was the most efficient with PLP. Incorporation into sinefungin was observed when adenosine was incubated with arginine, but no sinefungin formation occured with ornithine as the labeled precursor.
As shown in Table 3 sinefungin biosynthesis could be enhanced by the presence of ions such as Co2+, Mg2+ and Mn2+. The incubations were carried out with the enzyme preparation precipitated at 40~70%(NH4)2SO4
concentration.
* Labeled precursor. ADE: Adenosine.
The influence of substrate concentration on sinefungin formation was studied using arginine and ATP in a concentration range of 2 to 10 mM. The best results were achieved with 4 niM substrate concentration. HPLCanalysis was used to study the formation of sinefungin with increasing protein concentrations. The incorporation of the labeled precursors increased as a function of protein concentration up to 6 mg/ml (Results not shown).
The effects of the age of the mycelium and the time of incubation of the cell-free extract on sinefungin formation were also determined. As showr in Fig. 3 the best activities were observed when the cell-free extract was prepared from a 72-houi culture. Sinefungin production reached the maximumafter 80 minutes of incubation of the cell-free extract with the precursors (Results not shown).
Discussion
Previous work on sinefungin biosynthesis by S. griseolus was carried out by Berry and Abbott using a complexmedium.These authors postulated that, ornithine and adenosine are condensed in the terminal step of the biosynthesis11} , however, evidence for such a reaction was never shown.
Twomajor reasons led us to re-investigate this hypothesis : First, the direct condensation between adenosine and ornithine is hardly conceivable; second, incorporation of precursors into sinefungin was measured by these authors 5 to 6 days after labeled compoundswere added to the culture, which was not a chemically defined one. By this means early steps of the biosynthesis mayhave been overlooked and the radioactivity measuredin sinefungin could have originated from a metabolically transformedprecursor. Fig. 3 . Effect of the age of the mycelium on the sinefungin synthesizing activity.
The incubation mixture is composed of a dialyzed 100,000 x g supernatant of the cell-free extract, arginine, ATP, and as usual, Mg2+ , pyridoxal phosphate and dithiothreitol.
à" Growth, å sinefungin synthesizing activity in vitro, O production of sinefungin in vivo, A pH. Our previous studies with whole cells indicated that L-arginine and ATPrather than adenosine and ornithine are the immediate biosynthetic precursors of sinefungin12).
In this work we show that sinefungin can also be synthesized in vitro by a cell-free extract. Based on these results and on the fact that guanido-group labeled arginine yielded unlabeled sinefungin, we propose a working hypothesis to explain the biosynthesis of this antibiotic, which is shown in Fig. 4 . According to our hypothesis the nitrogen atom of the guanido-group of arginine may be activated by an enzyme having pyridoxal phosphate as coenzyme and a SchifF base is formed. This activation produces a very reactive enamine which will react with the 5' end of adenosine forming a C-C bond. The elimination of the guanido-group would occur at the final step of the biosynthesis.
Further purification of the enzyme activity catalyzing the last step of the biosynthesis as well as the assays of preparation of sinefungin derivatives by incubation of arginine and ATP analogues with a cell-free extract are nowin progress in our laboratory.
